INTRODUCTION
============

Placement of fixed orthodontic appliances leads to in creased plaque accumulation and proliferation of cariogenic pathogens such as *Streptococcus mutans* (*S. mutans*).[@B1],[@B2] These changes may be responsible for decalcification or white spot lesions that lead to incipient caries during orthodontic treatment.[@B3]

Various orthodontic materials that contain or release fluoride and that were designed to have an antimicrobial effect on cariogenic pathogens have been used as preventive measures against demineralization and white spot lesions.[@B4] However, the timing and amount of fluoride released by these devices in the oral environment are questionable.[@B5]

While elastomeric ligatures are frequently used in orthodontic treatment, they are associated with more bacteria in the plaque than when steel ligatures are used.[@B6] In spite of the introduction of fluoridated elastomers in an effort to overcome these shortcomings, an *in vivo* study failed to demonstrate the antimicrobial activities of these elastomers.[@B7]

A product that releases silver ions from silver-zeolite that is incorporated into an elastomer (Orthoshield Safe T-tie; Ortho Organizers, CA, USA) has been introduced in order to reduce bacterial development around orthodontic appliances. Silver ions have long been used as a broad-spectrum antimicrobial agent in the treatment of wounds and infections.[@B8] Silver ions are also used in dental practice to decrease the activity of cariogenic pathogens, such as *S. mutans* and other oral streptococci.[@B9],[@B10]

Silver-zeolite is a porous crystalline material that is com posed of hydrated sodium aluminosilicate with electrostatically bound Ag^+^ in its framework.[@B11] This material imparts antibacterial activity to various dental materials through the release of silver ions.[@B12],[@B13] Silver ion-releasing elastomers (silverized elastomer, SE) may help to control the bacterial level in the dental plaque surrounding fixed orthodontic appliances, thereby reducing the risk of iatrogenic demineralization during orthodontic therapy.

As the literature contains little information about the antibacterial effects of SE, we compared the composition of the anaerobic bacteria in the dental plaque that formed on SE to that on a conventional elastomer (CE) *in vivo*.

MATERIALS AND METHODS
=====================

The present study was a prospectively performed randomized clinical trial, using a split-mouth crossover design. Forty patients undergoing full fixed orthodontic treatment for at least 3 months were recruited into the study. The patients consisted of 28 females and 12 males with an average age of 21.9 years (standard deviation \[SD\], 4.2; range, 11.1 - 27.1) ([Table 1](#T1){ref-type="table"}). We excluded patients who were diabetic; pregnant; used oral antimicrobial agents, such as mouthwash; or took steroids or antibiotics in the 2 months preceding the study. All patients were provided with standardized oral hygiene instructions and Tooth brushing instructions by the same hygienist. In each patient, all molars, anterior teeth, and at least one of the two premolars in every quadrant were bonded. Patients were randomly assigned numbers from 1 to 40 and divided into 1 of 2 groups that differed in the sequence of elastomer application. Ethical approval was obtained from the Institutional Review Board of Korea University Anam Hospital (AnamCTC\#2009-192) and written consent was given by all patients or the parents of those patients who were under 18 years of age.

Each patient visited the clinic 4 times with 3 weeks between each visit. During the first visit, patients were scored using the Oral Hygiene Index (OHI-S), which consists of two sub-scales, the Debris Index (DI) and the Calculus Index (CI).[@B14] The subjects of group 1 had SE on the maxillary right central incisor, the maxillary right second premolar (or first premolar if extracted) and mandibular left canine ([Figure 1](#F1){ref-type="fig"}) while the subjects in group 2 had SEs allocated on maxillary left central incisor, maxillary left second premolar (or first premolar) and mandibular right canine. The CEs (Dentalastics, Dentaurum, Isprin gen, Germany) were allocated on teeth contralateral to SEs.

On the second visit, the same practitioner removed the elastomers under aseptic conditions. Each elastomer was placed in a separate carrier bottle containing 1 mL of VMGA III transport medium (Sigma, St. Louis, MO, USA) and sent to the laboratory (Department of Oral Microbiology, School of Dentistry, Kyung Hee University) for microbiological analysis. The practitioner then performed a routine change of wires and tied them with steel ligatures for a washout period.

The third visit consisted of routine orthodontic adjustments and a second application of elastomers. Elastomers were applied to the teeth that were exactly contralateral to those that received elastomers during the first clinic visit.

On the last visit, the elastomers were removed for the second microbiological processes and OHI-S was obtained for the second time.

Microbiology
------------

Each collected elastomer sample was vortexed for 30 seconds and a 6-fold dilution was made by mixing 100 µL of transport medium with VMG I dispersion solution (Sigma) under aseptic conditions. Aliquots were plated onto 3 types of media: Brain-Heart Infusion broth (BD Diagnostic Systems, Sparks, MD, USA) supplemented with 5% sheep blood and 1.5% Micro agar (Duchefa, Haarlem, The Netherlands), Mitis Salivarius Agar (Difco, Sparks, MD, USA), and Mitis Salivarius Agar supplemented with sucrose and bacitracin (Sigma). Plates were incubated for 72 hours at 37℃ under anaerobic conditions (80% N~2~, 10% H~2~, 10% CO~2~) using a Forma Anaerobic System (Thermo Fisher Scientific Inc., Waltham, MA, USA). Cultures were assessed for total anaerobic count (AC), total streptococcal count (SC), and total mutans strep tococci (MS).

Statistical analysis
--------------------

The SC was expressed as a percentage of the total AC and MS count was expressed as a percentage of total SC. Mixed-effects analysis of variance was used to examine differences between SE and CE. The independent variables in the model were the fixed factors listed below and the dependent variables were percentage MS and percentage SC. Patients were treated as random variables and the fixed factors included the sequence of elastomer application (group 1 and group 2); visit at which elastomers were collected (second or fourth); the type of elastomer (SE or CE); the type of tooth (central incisor, ca nine, or first or second premolar); bracket type (metal or porcelain); dominant hand for tooth brushing (left or right); gender (male or female); OHI-S (DI and CI); age; and number of days the elastomers were in the mouth. We used OHI-S, age, and days elastomers were in the mouth as covariates in the Spearman\'s rank correlation analysis we performed to examine the relationships between the dependent variables. SAS® ver 9.1 (SAS, Cary, NC, USA) was used for statistical analysis, and *p*-values \< 0.05 were considered to be statistically significant.

RESULTS
=======

Forty patients were recruited into the study and all of them completed the entire study. Of the 480 elastomers initially applied, 74 were lost between appointments or as a result of microbiologic procedural errors. A total of 198 SEs and 208 CEs were collected. After the first application, elastomers remained in the mouth for an average of 21.8 days (SD, 2.6; range, 16 - 28). After the second application, elastomers remained in the mouth for 21.9 days (SD, 4.8; range, 14 - 41). Colonies recovered from Mitis Salivarius Agar media were confirmed as MS by an accredited public laboratory (Seoul Clinical Laboratories).

The mean bacterial counts of MS, SC, and AC associated with each type of elastomer are shown in [Table 2](#T2){ref-type="table"}. Mean MS (%) and SC (%) for SE and CE are presented in [Table 3](#T3){ref-type="table"}. There were no significant differences between SE and CE in the percentage of either MS or SC.

The results of the mixed-effects analysis of variance are shown in [Table 4](#T4){ref-type="table"}. Elastomers had no significant effect on either MS (*p* = 0.702) or SC (*p* = 0.480). Only patient age and number of days elastomers remained in the mouth were significantly associated with SC counts, while MS counts were only significantly associated with gender. No other factors were significantly related to bacterial growth. The Spearman\'s rank correlation coefficient (*r*~s~) we calculated indicated a positive relationship between SC and both patient age and number of days the elastomers remained in the mouth. This means that SC tended to increase as patient age increased or as the duration of elastomer residence in the mouth increased ([Table 5](#T5){ref-type="table"}).

DISCUSSION
==========

Silver ions have a strong broad-spectrum bactericidal activity.[@B15] These ions are closely related to a reaction with the thiol groups in vital enzymes or proteins that leads to the inactivation of the proteins. Silver ions also directly interact with DNA, preventing DNA replication.[@B16]

Two mechanisms have been proposed for the antimicrobial action of silver-zeolite: silver ions released from the zeolite may act directly against bacterial cells[@B17] or the reactive oxygen species that are generated from the catalytic action of silver ions in the matrix inhibit respiratory enzymes and lead to structural damage in bacteria.[@B18] The latter mechanism is known as oligodynamic action and requires oxygen.[@B9],[@B15] However, silver-zeolite is reported to be effective under anaerobic conditions.[@B19] These two mechanisms have been proposed as successive processes, and regardless of the predominant mechanism, it is evident that silver ions play an important role in the antibacterial action of silver-zeolite.[@B20]

In the present study, we investigated the antimicrobial effect of SE on the MS and SC in dental plaque. Considering the antimicrobial activity of silver ions, we hypothesized that the bacterial counts from SE would be lower than those from CE. However, the results showed that there were no significant differences between the percentage of MS or SC in plaque acquired from SEs after a clinically relevant time in the mouth and those in plaque acquired from CEs.

Direct comparisons of these results with those of other studies are difficult because there are no published studies assessing the antimicrobial effect of SE *in vivo*. Although the exact reason for the lack of antimicrobial effect is unknown, factors such as the time the elastomers were in the mouth, the amount of silver ions released from SE, the physiological condition of the oral cavity, and the physical properties of the elastomer material itself may be important contributors.

Elastomers were in the mouth for an average of 21.9 days. Spearman\'s rank correlation coefficient indicated that the longer the elastomers are left in the mouth, the higher the SC count is expected to be (*r*~s~ = 0.230, *p* \< 0.0001). This relationship suggests some explanations for the lack of SE antimicrobial activity in the current study. The release of silver ions from SEs may have been consistent over time, but the concentration of released ions was not sufficient to impede bacterial growth. Alternatively, the concentration of ions released from SEs was initially sufficient to suppress bacterial growth, but the rate of ion release decreased over time in such a way that bacterial populations had recovered by the time samples were collected.

Casemiro et al.[@B21], found that the percentage of silver-zinc-zeolite incorporated into acrylic resins was positively associated with the antimicrobial activity of those resins. This implies that the concentration of silver ions is essential for the antimicrobial action of ion-releasing resins and suggests that the concentration of the silver ion released from SEs in the present study was not sufficient to produce antimicrobial effects.

The constant release of silver ions from silver-zeolite is crucial for maintaining adequate concentrations of these ions for bacterial control over the long term. The authors of a study of the long-term antimicrobial activity of light-activated resin composites10 found that resins with incorporated silver-containing materials (SSAM) inhibit growth of *S. mutans* in comparison to resin composites that do not contain SSAM. These authors also found that resins with SSAM released little or no silver ions when they were immersed in water for 3 months. They concluded the long-lasting antimicrobial activity of resins with incorporated SSAM may be due to inhibition of *S. mutans* growth through direct contact with the bacteria, and not by release of silver ions from the composites. The silver-zeolite in SEs contains a limited amount of silver ions that are constantly released into the oral cavity and may become immediately bound to other ions. Thus, reduction or exhaustion of the silver ion supply would occur at some point, decreasing any of antimicrobial activity. In fact, the amount of ion released from temporary filling materials containing silver-zinc-zeolite diminishes over time when these materials are immersed in deionized water.[@B12]

As any of antimicrobial activity exhibited by SE is expected to result from silver ions, it is important to understand the rate of ion release from this material. Ahn et al.[@B22] evaluated the amount and pattern of silver ion release into artificial saliva from the same type of SEs that were used in the present study. They found that during the first week, there was a high rate of silver ion release. However, this rate declined over the following 3 weeks.

Given that SEs release silver ions, it is important to determine whether SEs have any antimicrobial effects on *S. mutans*. Won[@B23] did not find either *S. mutans* or *Porphyromonas gingivalis* (*P. gingivalis*) clear zones around SEs in modified agar disk diffusion tests. SEs were also ineffective in growth inhibition tests when they were in direct contact with *S. mutans* and *P. gingivalis*. Won[@B23] speculated that the concentration of the silver ions in the SEs was insufficient for antimicrobial activity.

Berger et al.[@B15] reported that the minimum inhibitory concentration (MIC) of silver ions for various bacterial species was 30 µg/L, while Yoshida et al.[@B10] and Tanagawa et al.[@B24] found that even minute amounts of silver ions that were released from silver-containing resin composites resulted in antimicrobial effects toward *S. mutans*. Ahn et al.[@B22] calculated that silver ions are released at a rate of only 8.00 - 24.5 µg/L/day from SEs during the first week of immersion in water. The different conditions in each of these studies makes direct comparison among them difficult. Therefore, further silver ion release analysis should be conducted together with MIC tests to verify the lack of antimicrobial activity SEs exhibited in the present study.

Silver ion release from silver-zeolite requires ionic exchange with other cations and is dependent on the concentration of cations in the surrounding solution. In the oral environment, the surrounding solution is saliva.[@B25] This indicates that long-term antimicrobial activity of silver-zeolite can be displayed in solutions with low ionic strength.[@B26] Human saliva contains various inorganic anions as well as cations, and the concentration of cations varies according to systemic balance and condition. This variation in cation concentration affects the release of silver ions into the oral environment.[@B27] Silver and zinc reportedly inhibit bacterial growth.[@B12] The studies showing discordant results with the present study showed ion release in deionized water which would be different from the release behavior of silver ions in saliva. The elastomers in oral cavity would rapidly become coated with salivary proteins and organic-film coating has been cited as one of the main reasons for the clinical failure of silver-coated medical devices.[@B28] The variable physiological environment of the oral cavity may therefore have contributed to the lack of SE antimicrobial effects in the current study.

Unlike steel ligatures, elastomers undergo physical deterioration as they are stretched and come into contact with saliva while they are being placed on orthodontic appliances. Fluoridated elastomers double their weight after 1 month in the mouth.[@B29] One of the reasons suggested for the failure of fluoridated elastomers to produce an antimicrobial effect was that any plaque-inhibiting effect from the fluoride is cancelled by deterioration of the physical properties of the elastomers, leading to a higher bacterial load in fluoridated elastomers.[@B7]

For optimal clinical benefit, elastomeric ligatures should be replaced monthly.[@B29] In the present study, the elastomers were in the mouth for 3 weeks; a clinically relevant period. The physical properties of the elastomer after 3 weeks in the mouth had noticeably deteriorated compared to fresh elastomers. This deterioration may contribute to a reduction in the antimicrobial effect of SE.

The quality and the characteristics of the material surface may also play an important part in bacterial adhesion. Ahn et al.[@B30] evaluated the bacterial adhesion tendency and antimicrobial activity of conventional orthodontic bonding and experimental composite adhesives (ECA) that contained nanofillers with varying concentrations of silver nanoparticles. Bacterial growth was slower on ECAs than on conventional adhesives. Th e authors stated that the differences in growth rate are not explained completely by the antimicrobial activity of silver ions or the amount of silver ions contained in ECA and surface characteristics, such as the surface free energy of the materials should also be considered as contributory factors.

Metafasix technology was designed to reduce bacterial adhesion after application of elastomers through a lubricated and polished elastomeric ligature surface. Elastomers applied using this technology, however, harbor more bacteria than conventional elastomers because the fissures created on the polymer coating provide retentive sites for bacterial growth.[@B31] In the present study, the surface characteristics of SEs may have resulted in a net cancellation of any antimicrobial effects. Further examination of SE surfaces should be carried out to better clarify the impact of surface factors on the antimicrobial effects of SEs.

Even though prolonged release of silver ions is possible, and these ions have antimicrobial effects, the SE used in the present study was not effective in reducing bacterial counts below those seen with CE. However, most of the previous studies of the release or antimicrobial effects of silver ions were performed *in vitro* and the physiological conditions of *in vivo* studies may differ. Further *in vivo* studies should be performed to determine the exact amount and duration of silver ion release from SEs, and an analysis of SE surface characteristics should be undertaken to explain why SEs do not display antimicrobial effects. Understanding the reasons for this lack of antimicrobial effect may allow researchers to enhance the antimicrobial activity of SE by adjusting the method and duration of each elastomer application.

CONCLUSION
==========

There was no significant difference between the percentages of MS and SC in dental plaque obtained from SE and CE after an average of 21.9 days in the mouth (*p* \> 0.05).

There was a positive relationship between the percentage of SC and both the number of days elastomers were present in the mouth and the age of patients (*p* \< 0.05).

The authors report no commercial, proprietary, or financial interest in the products or companies described in this article.

![Diagram showing the application of elastomeric ligatures during the first visit of patients in group 1.](kjod-42-87-g001){#F1}
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Demographic data of patients undergoing orthodontic treatment with silverized and conventional elastomers

![](kjod-42-87-i001)

###### 

Bacterial counts for plaque obtained from conventional and silverized elastomers after 3 weeks in the mouth
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Values are presented as mean ± standared deviation. CFU, colony forming unit.

###### 

The rate of bacterial counts for plaque obtained from conventional and silverized elastomers after 3 weeks in the mouth
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Values are presented as mean ± standared deviation. MS, Mutans streptococci; SC, streptococcal count; AC, anaerobic count; CE, conventional elastomer; SE, silverized elastomer; NS, not significant.
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Results of the mixed-effects analysis of variance for percentage bacterial counts for plaque obtained from conventional and silverized elastomers after 3 weeks in the mouth
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Results are presented as *p* values for fixed factors. MS, Mutans streptococci; SC, streptococcal count; AC, anaerobic count; DI, Debris Index; CI, Calculus Index. ^\*^*p* \< 0.05.

###### 

Spearman\'s rank correlation coefficient (*r*~s~) for the percentage bacterial counts for plaque obtained from conventional and silverized elastomers after 3 weeks in the mouth and their covariates
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MS, Mutans streptococci; SC, streptococcal count; AC, anaerobic count; DI, Debris Index; CI, Calculus Index. ^\*^*p* \< 0.05; ^§^*p* \< 0.0001.
